—w— Methanandamide (0.05 mg kg™")
-@- JWH-133 (1.5 mg kg™
—A— Palmitoylethanolamide (10 mg kg™)

Resistance to flexion (N)

Time (min)

Figure 4 Treatment of spasticity in autoimmune encephalomyelitis' with non-CB;
receptor agonists. Forces (mean = s.e.m.) required to flex individual spastic hindlimbs
against a strain gauge after i.v. injection with either low-dose methanandamide (n = 9
limbs), JWH-133 (n = 9) or palmitoylethanolamide (n = 14). Asterisk, P < 0.05; two
asterisks, P < 0.001 compared with baseline.

cannabinoids’. The use of selective CB, agonists may provide some
symptomatic benefit without significant psychoactive effects.
Furthermore, it may be possible to upregulate endogenous pro-
duced cannabinoids'® to mediate therapeutic benefit. This CREAE
model provides a means of evaluating and controlling the patho-
physiology of spasticity in a chronic inflammatory environment
relevant to the control of multiple sclerosis. U

Methods

Induction of CREAE

Biozzi ABH mice, bred at the Institute of Ophthalmology, were injected with 1 mg of
mouse spinal cord homogenate emulsified in Freund’s complete adjuvant on days 0 and 7
(ref. 1). Animals injected for CREAE, before the onset of acute phase CREAE' (usually
occurring 15-20 days post inoculation (p.i.)) were used as normal CREAE controls.
Paralysed CREAE animals were selected during the acute phase or first relapse (typically
occurring 34—45 days p.i.), and remission animals used for the assessment of tremor and
spasticity were used after the second or third relapse 40—-80 days p.i.).

Chemicals

R(+)-WIN 55,212, S(=)-WIN 55,212, A’>-THC, methanandamide and cannabidiol were
purchased from RBI/Sigma (Poole, UK). Palmitoylethanolamide was purchased from
Tocris Cookson Ltd (Bristol, UK). SR141716A (ref. 15) and SR144528 (ref. 16) were
supplied by M. Mossé and E. Barth (Sanofi Research, Montpellier, France). JWH-133
(3-(1'1'dimethylbutyl)- 1-deoxy-A®-THC) was synthesised as described". All compounds
were dissolved at 0.5 mg ml™" in ethanol containing 1 mg ml™' Tween 80 (Sigma). The
ethanol was removed by vacuum drying, and samples were reconstituted with phosphate
buffered saline to a concentration of 2 mg ml™". Similar preparations without active drugs
were used as vehicle controls. Suspensions (0.1 ml) were injected either i.v. or i.p. after
CREAE induction.

Assessment of Clinical Signs

Spasticity and tremor were initially assessed by blinded analysis of video recordings.
Digital images were sampled from video at 0.04 s. Signs of tail spasticity (flicking and
curling) were assessed visually as being either present or absent. Spasticity was confirmed
by assessing limb spasticity against a small purpose-build strain gauge. Limbs of animals
without clinical evidence of spasticity (propensity to full extend the limb after tension on
the leg) or the propensity to cross were not examined in drug studies. The analogue signal
was amplified and digitally converted using an Amplicon card (Brighton, UK). This was
captured using dacquire V10 software (D. Buckwell, MRC HMBU, Institute of Neurology)
and analysed using Spike 2 software (Cambridge Electronic Design, UK). The hindlimbs
were fully extended twice then moved to full flexion against the strain gauge. Each
hindlimb was individually assessed by a blinded operator. The mean of 4-8 individual
readings per limb was taken. Tremor frequency and severity were also recorded by holding
the limb ~5 mm above the strain gauge. Tremor lead to the foot knocking the strain gauge.
The strain gauge output was notch filtered at 50 Hz. The device had a resonance frequency
of 95 Hz. The frequency of limb tremor was also confirmed using a lightweight
unidirectional accelerometer (EGA XT-50, Entrain, UK) mounted over the foot.

Statistical Analysis

Results are expressed as means of individual feet or animals = s.e.m. per group. The data
were assessed using either a t-test, paired t-test for flexion data or nonparametric Mann—
Whitney U-test using SigmaStat 2.0 software (Jandel Corp, San Rafael, California, USA).
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Light acts directly on organs
and cells in culture to set
the vertebrate circadian clock
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The expression of clock genes in vertebrates is widespread and not
restricted to classical clock structures". The expression of the
Clock gene in zebrafish shows a strong circadian oscillation in
many tissues in vivo and in culture, showing that endogenous
oscillators exist in peripheral organs’. A defining feature of
circadian clocks is that they can be set or entrained to local
time, usually by the environmental light—dark cycle*’. An impor-
tant question is whether peripheral oscillators are entrained to
local time by signals from central pacemakers such as the eyes or
are themselves directly light-responsive. Here we show that the
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peripheral organ clocks of zebrafish are set by light—dark cycles in
culture. We also show that a zebrafish-derived cell line contains a
circadian oscillator, which is also directly light entrained.

The peripheral organs of zebrafish, in particular the heart and
kidney, contain endogenous circadian oscillators, as measured by
a rhythmic oscillation of Clock gene expression in culture’. To
investigate how these clocks might be set to local time and the
role played by light, we placed two groups of hearts and kidneys into
culture, one group in constant darkness (DD) and another group on
a light—dark cycle (LD) (Fig. 1). The cultured organs were exposed
to a cycle of 14 hours of light and 10 hours of dark (14L:10D) over
five days, matching exactly the cycle experienced by the fish before
dissection. In DD, Clock levels continued to oscillate, although with
a lower amplitude than that seen in vivo, peaking around zeitgeber
time (ZT, where ZT 0 corresponds to ‘lights on’) 15 in the heart and
ZT 21 in the kidney, as previously described’ (Fig. 1a, b, d and e). In
the LD cycle, however, the amplitude and robustness of Clock
oscillation in the heart were greater than in the DD group
(Fig. 1c). Rhythm amplitude increased similarly in the kidney
(Fig. 1f) where, in addition, the phase of peak expression appears
to be shifted from ZT 21 under DD to ZT 15 under the LD cycle
(Fig. 1d and e), the phase of the peak in vivo. Thus, light appears to
influence Clock oscillation directly in these organs in culture.

To determine whether light can entrain the peripheral clocks in
these organs we placed both hearts and kidneys on a reversed light—
dark cycle (DL) and studied the timing of Clock oscillation (Figs 2
and 3). Two groups of organs were dissected from the same fish
population on a 14L:10D cycle, and immediately placed either on
the same 14L:10D cycle (LD) or on a reversed, 10D:14L cycle (DL).

In hearts maintained on the LD cycle, Clock expression continued to
peak at ZT 15. However, in hearts on the reversed, DL cycle, the first
Clock peak was delayed by 12 h on day 2 in culture, at the equivalent
of ZT 3 on the original LD cycle. From day 2 onwards the peak and
trough values of Clock expression were reversed between the two
groups (Figs 2a, b and 3d), consistent with the hearts being
entrained to the reversed, DL cycle. The kidney shows the same
reversal of peak expression, with stable re-entrainment shown by the
beginning of day 3 of the DL cycle (Fig. 3a, b and d). An alternative
explanation for the reversal of the Clock rhythm could be that light
directly suppresses Clock expression. This is unlikely, as light in the
zebrafish has no significant acute effect on Clock expression (data
not shown), similar to the situation for the mouse Clock gene®~®. We
also examined expression of another clock gene, timeless, under the
same conditions as for Clock. Similarly to its mouse homologue®",
zebrafish timeless neither oscillates nor responds to a light—dark
cycle (Figs 2c and 3c). To show that the circadian oscillator is stably
entrained to the reversed light cycle we repeated the experiment,
placing the cultures into DD for the final two days. The oscillation
should continue with the newly established phase, whereas in the
case of an acute effect of light, the peak would return to the original
phase seen in the animal. In the heart, the 12-h shift is conserved in
DD, showing that the circadian clock is entrained to the new LD
cycle (Fig. 2d). Light can, therefore, directly influence the circadian
oscillator in peripheral tissues in culture and set the phase of the
clock.

We wondered whether changes in temperature induced by the
periodic lighting could be responsible for entraining these oscilla-
tions'"™". This seems unlikely, as the cultures were incubated in
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Figure 1 Exposure to light—dark cycles alters the pattern of Clock rhythmic expression in
cultured zebrafish organs. a, Hearts were cultured for 5 days. At the indicated zeitgeber
times (ZT) Clock messenger RNA was assayed by RPA (Clock-specific band indicated by
arrowhead). Cultures were in constant darkness (OD) or a 14:10 light—dark cycle (LD).

Asterisks, peaks of expression. b, Optical density (OD) measurements from a. The DD and
LD values are green and red, respectively. ¢, Mean levels and s.e.m. at the trough (ZT 3)
and peak (ZT 15) points, plotted for the fourth day in culture under DD and LD in additional
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experiments. By unpaired Student’s t-test analysis there was a significant oscillation
under LD (P<<0.005) but not DD (P>0.1). d—f, Equivalent analysis for kidney. The ZT 21
peak of expression under DD is shifted to ZT 15 in LD. Peak and trough values were
measured at ZT 3 and ZT 15 under LD and ZT 9 and ZT 21 under DD. Differences were
significant for both LD (P<<0.01) and DD (P<<0.01). Equivalent loading was verified as
described®,
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large volume water baths where there were no detectable tempera-
ture changes. We also placed cultured tissue on a precise 2°C
temperature cycle in DD, mimicking the light—dark cycles pre-
viously used. The circadian clock failed to entrain to these tem-
perature cycles, but maintained the pattern of expression expected
in DD. Therefore, a 2 °C temperature cycle, which far exceeds any
recorded differences during our experiments, is insufficient to
entrain these zebrafish clocks. Given these results, we believe that
light acts directly on the circadian clock.

Evidence points to the existence of circadian oscillators even in
immortalized cell lines'®™"®. Circadian oscillations in gene expres-
sion have been reported in cell lines derived from the supra-
chiasmatic nucleus (SCN) and can be induced in fibroblast and
hepatoma cell lines by serum shock followed by starvation'®".
Therefore, we decided to examine a number of primary zebrafish
cell lines'” to see whether they naturally contained a circadian
oscillator that could also be influenced by exposure to light—dark
cycles. One zebrafish embryonic cell line, PAC-2, showed constant,
elevated levels of Clock expression in DD (Fig. 4a). However, when
these cells were placed on to a 14L:10D cycle, an oscillation in Clock
levels was apparent on the first day of the regime (Fig. 4b), with a
relatively broad and low amplitude peak spread between ZT 9 and
ZT 15. By the second day of the light cycle, the peak of expression
had consolidated at ZT 15 and the amplitude of the rhythm had
increased. When these cells were returned to DD the oscillation
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Figure 2 Clock-regulated rhythmic gene expression in the heart is entrained by reversed,
DL cycles. a, RPA analysis of Clock transcript expression on LD or DL cycles for heart.
Arrowheads, Clock-protected fragment; asterisks, times of peak expression. b, Optical
density measurements from a. The rhythm of Clock expression is rapidly entrained to the
reversed, DL cycle (red). For statistical analysis, see Fig. 3d. ¢, RPA analysis of zebrafish
timeless expression in the same LD and DL samples. The non-oscillating, timeless-
protected fragment is indicated. d, Hearts dissected from fish maintained in a normal, LD
cycle were entrained to a reversed, DL cycle in L15 medium for 3 days in culture and then
placed into DD for 2 days. In the upper gel, RPA of Clock expression shows that the re-
entrained rhythm persists under DD. The lower gel shows non-oscillating timeless RPA
analysis.
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continued for two cycles, but with a reduced amplitude and broad-
ening of expression (Fig. 4c). By the third day in DD the oscillation
was no longer apparent. This continuation of rhythmicity in DD
following exposure to an LD cycle supports the hypothesis that these
cells contain a clock that is entrained by the light—dark cycle, rather
than a driving or masking effect of light on Clock expression.

The light entrainability of the PAC-2 cells indicates that they
may contain a functional circadian oscillator that operates under
steady-state culture conditions. However, the absence of significant
rhythmic Clock expression under DD indicates that the LD cycle
either synchronizes single-cell oscillators with a random phase
distribution or initiates circadian oscillation that was not functional
before light exposure. Single-cell imaging of cells expressing a
fluorescent reporter gene under the control of a clock-regulated
promoter may help to resolve this issue. Our results indicate that
this cell line contains the photopigments and functional signal
transduction cascades necessary for the light signal to reach the
clock mechanism. The identity of these photopigments is not yet
clear. Action spectra, as well as functional experiments, will be
required to determine whether cryptochrome pigments are used, as
appears to be the case in Drosophila, or whether novel opsins are the
critical phototransducing molecules'**'. In Drosophila, light-depen-
dent entrainment of the circadian clock is thought to act through
degradation of the Timeless protein as a consequence of sequestra-
tion by the cryptochrome photopigment®?. It will therefore also be
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Figure 3 Entrainment of the Clock rhythm in the kidney by reversed, DL cycles. a—¢, RPA
analysis of Clockand timeless transcript expression in cultured kidneys, equivalent to that
shown in Fig. 2a—c. d, Mean levels of Clock expression with s.e.m. at the trough (ZT 3)
and peak (ZT 15) points plotted for hearts and kidneys on the third day in culture.
Underlined ZT values for DL refer to the original light—dark cycle. By unpaired Student’s
t-test analysis differences between trough and peak expression were shown to be
significant for both hearts and kidneys in both LD and DL conditions (hearts LD
P<0.0001, DL P<0.005; kidney LD P<<0.01, DL P<<0.005).
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of interest to study the effect of light on the expression of Timeless in
our fish cell cultures.

The presence of a clock in an embryonic cell line may reflect the
widespread presence of circadian clocks throughout the zebrafish
body, where almost all tissues display rhythmic Clock expression
(ref. 3 and unpublished data). Whether the clock is important
during embryogenesis is unclear. However, rhythms in serotonin
N-acetyltransferase (AANAT) and melatonin release have been
described in embryos as early as 20-26h after fertilization**.
Our description of direct light entrainability of the oscillators in
hearts, kidneys and PAC-2 cells indicates that this might be a general
property of clocks in a wide range of peripheral tissues. This is an
unexpected result in a vertebrate where entrainment of the circadian
clock has been thought to rely on the presence of circadian
photoreceptors in the eye or pineal gland. The organization of the
circadian system in the fish, therefore, seems to resemble that
reported for Drosophila®.

An important issue is the intensity of light that penetrates to
particular organs. All of the experiments were performed initially in
bright light of about 800 lux, but repeated with light intensities of
approximately 200 lux with no apparent change in the speed of
entrainment or amplitude of the resulting rhythm. In the context of
the animal, it will be interesting to investigate whether other
entraining signals such as melatonin or serum factors are
involved'>”. Entrainment to the shifted LD cycle appears to occur
rapidly: hearts and kidneys reach the new phase by the beginning of
the second and third days of DL, respectively. PAC-2 cells show
rhythmicity on the first day of an LD cycle. The rapidity of this
response may reflect the fact that in a population of cells with
randomly distributed circadian phases, some of the cells require
only small phase shifts to reach a correct phase relationship to the
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Figure 4 A zebrafish cell line contains a light-entrainable circadian clock. a, In cultures of
the embryonic cell line PAC-2 maintained for 4 days in constant darkness no significant
oscillation in Clock expression is detected. b, PAC-2 cultures previously maintained under
DD were switched to an LD cycle (14 h light:10 h dark). A robust rhythm of Clock
expression is first detected on day 1 and persists for the duration of the experiment. The
peaks, around ZT 15, are indicated by asterisks. ¢, Cultures previously exposed for 5 days
toa14:10 LD cycle were returned to DD and Clock expression was monitored. The same
pattern of rhythmic Clock expression persists for 2 days, but gradually declines during the
last 2 days of the experiment. Below each Clock RPA analysis panel is shown the results of
RPA for timeless expression in the same samples. The rhythm of expression visible for
Clock is absent for timeless.
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LD cycle. The speed of clock entrainment in fish organs is compar-
able to that seen in rodent retina in vitro and in isolated Drosophila
appendages, which also contain clocks and are directly light
entrainable’®*.

Our results add to the evidence that the circadian system in
vertebrates exists as a decentralized collection of peripheral clocks.
Individual organs have been previously shown to contain their own
circadian oscillators®”’, and now each tissue appears capable not
only of detecting environmental light signals, but also using that
information to set the phase of the clocks they contain. U

Methods

Fish

Zebrafish were raised from our own stocks and kept at 29 °C. They were fed twice daily and
maintained under a 14-h day, 10-h night cycle. Adult fish (4 months old) were killed by

rapid immersion in chilled water and decapitation. Dissections were performed under PBS
using microdissection tools and a dissection microscope.

RNA analysis

RNA was extracted from zebrafish tissues and PAC-2 cell cultures using TRIzol reagent
(Gibco BRL). We used a miniaturized RNAse protection assay (RPA) using a zebrafish
Clock complementary DNA-derived probe to assay Clock transcript expression as
described’. A timeless probe for RPA was generated from zebrafish expressed sequence tag
(EST) clone fa95g04. The 450-nucleotide probe corresponds to the carboxy-terminal
region of mouse timeless between amino acids 921 and 1054, with which it shares 61%
amino-acid similarity. Each point was prepared from a pool of six hearts or kidneys or one
confluent 25-cm’ flask of PAC-2 cells. RPA autoradiographs were scanned on an imaging
densitometer (Biorad) and quantified using Molecular Analyst software (Biorad).

In vitro organ and cell culture

For in vitro organ cultures, freshly dissected tissue was placed in L15 medium supple-
mented with 15% fetal calf serum, 2 mM glutamine, gentamycin, streptamycin and
penicillin. Organs were dissected from fish between ZT 9 and ZT 12 and placed directly
into culture at 25 °C and atmospheric CO, concentration. A subline derived from the
zebrafish embryonic cell line PAC-2 (ref. 19) was cultured as described above. Every 5 days,
cells were trypsinized and replated at a 1:4 dilution. Cell stocks were maintained in non-
illuminated incubators.

Lighting and temperature control

Culture flasks were completely immersed in a 60-litre, thermostatically controlled,
circulating water bath. These cultures were illuminated using a tungsten light source
connected to a programmable timer and a rheostat. The temperatures of cultures in the
water bath were monitored using a thermocouple immersed in the culture medium, and
light intensities were measured using a light meter (Gossen).

Received 25 August; accepted 14 December 1999.

1. Whitmore, D., Sassone-Corsi, P. & Foulkes, N. S. PASting together the mammalian clock. Curr. Opin.
Neurobiol. 8, 635—641 (1998).

2. Reppert, S. M. A clockwork explosion! Neuron 21, 1-4 (1998).

3. Whitmore, D., Foulkes, N. S., Strihle, U. & Sassone-Corsi, P. Zebrafish Clock rhythmic expression
reveals independent peripheral circadian pacemakers. Nature Neurosci. 1, 701-707 (1998).

4. Pittendrigh, C. S. Temporal organization: reflections of a Darwinian clock-watcher. Anniu. Rev.
Physiol. 55, 1754 (1993).

5. Roenneberg, T. & Foster, R. G. Twilight times: light and the circadian system. Photochem. Photobiol.
66, 549-561 (1997).

6. Shearman, L. P, Zylka, M. J., Reppert, S. M. & Weaver, D. R. Expression of basic helix-loop-helix/PAS
genes in the mouse suprachiasmatic nucleus. Neuroscience 89, 387-397 (1999).

7. Antoch, M. P. et al. Functional identification of the mouse circadian Clock gene by transgenic BAC
rescue. Cell 89, 655—-667 (1997).
8. King, D. P. et al. Positional cloning of the mouse circadian Clock gene. Cell 89, 641-653 (1997).
9. Zylka, M. J. et al. Molecular analysis of mammalian timeless. Neuron 21, 1115-1122 (1998).
10. Koike, N. et al. Identification of the mammalian homologues of the Drosophila timeless gene,
Timeless1. FEBS Lett. 441, 427-431 (1998).

11. Barrett, R. K. & Takahashi, J. S. Temperature compensation and temperature entrainment of the chick
pineal cell circadian clock. J. Neurosci. 15, 5681-5692 (1995).

12. Liu, Y., Merrow, M., Loros, J. J. & Dunlap, J. C. How temperature changes reset a circadian oscillator.
Science 281, 825-829 (1998).

13. Stanewsky, R. et al. The cryb mutation identifies cryptochrome as a circadian photoreceptor in
Drosophila. Cell 95, 681-692 (1998).

14. Zimmerman, W. E, Pittendrigh, C. S. & Pavlidis, T. Temperature compensation of the circadian
oscillation in Drosophila pseudoobscura and its entrainment by temperature cycles. J. Insect Physiol. 14,
669-684 (1968).

. Aschoff, J. & Tokura, H. Circadian activity rhythms in squirrel monkeys: entrainment by temperature
cycles. J. Biol. Rhythms 1, 91-99 (1986).

. Balsalobre, A., Damiola, F. & Schibler, U. A serum shock induces circadian gene expression in
mammalian tissue culture cells. Cell 93, 929-937 (1998).

17. Earnest, D. J., Liang, F. Q., Ratcliff, M. & Cassone, V. M. Immortal time: circadian clock properties of

rat suprachiasmatic cell lines. Science 283, 693-695 (1999).

o

o

NATURE |VOL 404|2 MARCH 2000 | www.nature.com




18. Earnest, D. J. et al. Establishment and characterization of adenoviral E1A immortalized cell lines
derived from the rat suprachiasmatic nucleus. J. Neurobiol. 39, 1-13 (1999).

19. Lin, S. et al. Integration and germ-line transmission of a pseudotyped retroviral vector in zebrafish.
Science 265, 666—669 (1994).

20. Peppelenbosch, M. P., Tertoolen, L. G., de Laat, S. W. & Zivkovic, D. Ionic responses to epidermal

growth factor in zebrafish cells. Exp. Cell Res. 218, 183—188 (1995).
. Ishikawa, T. et al. DCRY is a Drosophila photoreceptor protein implicated in light entrainment of
circadian rhythm. Genes Cells 1, 57-63 (1999).

22. Zeng, H., Qian, Z., Meyers, M. P. & Rosbash, M. A light-entrainment mechanism for the Drosophila

circadian clock. Nature 380, 129—-135 (1996).

Ceriani, M. F. et al. Light-dependent sequestration of TIMELESS by CRYPTOCHROME. Science 285,

553-556 (1999).

24. Gothilf, Y. et al. Zebrafish serotonin N-acetyltransferase-2: Marker for development of pineal
photoreceptors and circadian clock function. Endocrinology 140, 4895-4903 (1999).

25. Kazimi, N. & Cahill, G. M. Development of a circadian melatonin rhythm in embryonic zebrafish.
Brain Res. Dev. Brain Res. 117, 47-52 (1999).

26. Plautz, J. D., Kaneko, M., Hall, J. C. & Kay, S. A. Independent photoreceptive circadian clocks
throughout Drosophila. Science 278, 1632—1635 (1997).

27. McArthur, A. ], Gillette, M. U. & Prosser, R. A. Melatonin directly resets the rat suprachiasmatic
circadian clock in vitro. Brain Res. 565, 158—161 (1991).

28. Tosini, G. & Menaker, M. Circadian rhythms in cultured mammalian retina. Science 272, 419-421
(1996).

29. Cermakian, N., Whitmore, D., Foulkes, N. & Sessone-Corsi, P. Proc. Natl Acad. Sci. USA 97 (in the press).

2

2.

»

Acknowledgements

We thank R. G. Foster, J. S. Takahashi, M. Menaker, S. Reppert, N. Cermakian, D. De
Cesare, U. Strihle and P. Blader for discussions, advice and gifts of materials, and E. Heitz,
D. Biellman, O. Nkundwa and N. Fisher for technical assistance. D.W. was supported by an
EEC TMR fellowship. Our studies are funded by grants from CNRS, INSERM, CHUR,
Rhéne-Poulenc Rorer (Bioavenir), Fondation pour la Recherche Médicale and Associa-
tion pour la Recherche sur le Cancer (P. S.-C.).

Correspondence and requests for materials should be addressed to P. S.-C.
(e-mail: paolosc@titus.u-strasbg.fr).

Delayed activation of the paternal
genome during seed development

Jean-Philippe Vielle-Calzada*{, Ramamurthy Baskar*
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Little is known about the timing of the maternal-to-zygotic
transition during seed development in flowering plants. Because
plant embryos can develop from somatic cells or microspores',
maternal contributions are not considered to be crucial in early
embryogensis’. Early-acting embryo-lethal mutants in Arabidopsis,
including emb30/gnom which affects the first zygotic division™,
have fuelled the perception that both maternal and paternal
genomes are active immediately after fertilization. Here we
show that none of the paternally inherited alleles of 20 loci
that we tested is expressed during early seed development in
Arabidopsis. For genes that are expressed at later stages, the
paternally inherited allele becomes active three to four days
after fertilization. The genes that we tested are involved in various
processes and distributed throughout the genome, indicating that
most, if not all, of the paternal genome may be initially silenced.
Our findings are corroborated by genetic studies showing that
emb30/gnom has a maternal-effect phenotype that is paternally
rescuable in addition to its zygotic lethality. Thus, contrary to
previous interpretations, early embryo and endosperm develop-
ment are mainly under maternal control.

In flowering plants, double fertilization involves two sperm cells:
one fuses with the egg cell to form a diploid zygote; the second fuses
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Figure 1 Silencing of paternally inherited genes during seed development in Arabidopsis.
a, If an ET2612 female is crossed to a wild-type male, GUS expression is detected in the
free nuclear endosperm 12 h.a.p. b,¢, F; seeds of the same cross show more intense GUS
expression in embryo and endosperm 48 h.a.p. d, If ET2612 is crossed as the male to
wild-type plants, GUS expression is not detectable in embryo and free nuclear endosperm
48 h.a.p. e, Transverse optical section through a seed of a self-pollinated ET2612 plant
48 h.a.p. f, In situ hybridization to mRNA of the putative basal transcription factor tagged
in ET2612; the pattern of mBNA and GUS expression are identical 48 h.a.p. E, embryo;
FNE, free nuclear endosperm; Ov, ovule. Scale bars, 17 wm (a,b); 23 pwm (¢); 45 um (d);
40 um (b).

with the binucleated central cell to give rise to the triploid primary
endosperm nucleus’. Double fertilization triggers rapid prolifera-
tion of the endosperm and slow cell divisions of the zygote, which
usually undergoes an asymmetrical division®. In Arabidopsis, as in
most plant species, the primary endosperm nucleus undergoes
divisions without cytokinesis, giving rise to a syncytium that
eventually cellularizes’. In contrast to animals®* ', the timing of
transcriptional activation of the genome in the plant embryo and
endosperm has not been intensively studied'. The identification of
alarge group of early-acting embryo-lethal Arabidopsis mutants that
segregate as sporophytic recessive traits'? suggested that the activa-
tion of the zygotic genome occurs before the first division of the
zygote; however, a spatial and temporal pattern for zygotic genome
activation has not yet been determined.

We generated a library of enhancer detector and gene trap lines
(transposants) that harbour Ds elements with a uidA reporter gene
encoding B-glucuronidase (GUS) by using the system of Sundar-
esdan et al.”’. Screening for genes that act during ovule and early
seed development in Arabidopsis (U.G. et al. unpublished data),
we identified 19 transposants that show GUS expression in the
developing embryo and/or endosperm after fertilization. GUS is
expressed in the egg and/or central cell and persists for several
rounds of cell division in either one or both fertilization products.
To determine whether GUS expression was the result of transcrip-
tion from one or both parental alleles in each of these lines, we
performed reciprocal crosses between wild-type plants and the 19
transposants. When wild-type plants were used as male parents, the
resulting F; seeds showed GUS expression in a pattern identical to
the one found in developing seeds resulting from self-pollination in
all 19 lines (Fig. la—c). In contrast, if the transposants were used as
male parents, GUS expression was absent from all F; seeds and
remained undetectable up to 80 hours after pollination (h.a.p.) (Fig.
1d). This indicates that the paternally inherited allele may not be
expressed during early stages of embryo and endosperm develop-
ment. To verify whether the pattern of GUS expression truly reflects
the expression of genes neighbouring the insertion, we performed
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